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Introduction {#sec1}
============

With the dramatic increase in the human population and concomitant depletion of available resources, exploration of oil and gas deposits in ultra-deep wells is becoming a major challenge. Since extreme temperature conditions exist in deep holes, there is a significant demand for advanced high-energy-density materials (HEDMs) that would be highly stable to accidental *stimulus*, corresponding to low sensitivity toward accidental initiation of detonation. These HEDMs are expected to maintain high detonation performance that corresponds to high energy density and to have high stability to mechanical impact and friction, which is out of capability of many of the presently used state-of-the-art explosives ([@bib102]). Therefore, detonation performance and stability constitute the most valued features when evaluating an energetic material. However, high performance and high stability of HEDMs are known to be inherently contradictory and an optimal balance between them is one of the ultimate goals in the field of high-energy materials ([@bib124], [@bib97]).

Most of the HEDMs have molecular or ionic crystals with complex geometries, and the in-crystal non-bonding and anti-bonding interactions among species endow these materials with various spatial packing compactness, crystal stability, and energy density. Therefore, comprehensive understanding of how diverse in-crystal parameters affect the balance in the performance-stability relationship is one of the key tools to the rational design of advanced HEDMs with outstanding properties.

For decades, researchers have invested significant research efforts in searching for empirical quantitative structure-property relationships (QSPRs) ([@bib124]). Moreover, in order to provide an insight into the physical and chemical connotations, quantum calculations were performed by researchers to address the performance-stability contradiction issue. For example, Zhang et al. proposed that HEDMs having crystal structures packed with planar layers could efficiently buffer against external mechanical *stimuli*, thus reducing the sensitivity of such compounds ([@bib126], [@bib125]). More than 10 years passed since the synthesis of HEDMs with low sensitivity was inspired by the aforementioned theoretical principle and a series of advanced HEDMs, such as hydroxylammonium salts ([@bib128], [@bib129]) and ammonium 3-dinitromethanide-1,2,4-triazolone ([@bib101]), was developed. Furthermore, a "materials genome" approach, based on the theoretical calculations of six-member aromatic and heteroaromatic rings, was recently proposed. Notably, following this approach, a novel 2,4,6-triamino-5-nitropyrimidine-1,3-dioxide compound, with very good performance and sensitivity, was successfully synthesized ([@bib118]).

However, to the best of our knowledge, experimental or theoretical strategies have not been reported till date, which systematically and clearly define guidelines or rules of thumb for the selection of appropriate parameters, critical for the design of advanced HEDMs with both satisfactory performance and stability, as, for example, was done by the molecular structure guidelines that are prevalent in the field of orally active pharmaceuticals development (Lipinski\'s "Rule of Five") ([@bib74], [@bib73]). The main reasons associated with the lack of experimentally derived guidelines may be related to a significant effort required for (1) the cost-effective preparation and characterization of a wide variety of HEDMs, which are essential for the reliable data statistics and rules deduction, and (2) scaled-up syntheses of all studied HEDMs, which is highly desirable for the field testing of the actual performance of these compounds. Moreover, the main bottleneck that hinders the breakthrough in the theoretical strategies for the design of the advanced HEDMs and causes numerous problems for practical applications is the lack of suitable, reliable, and powerful numerical methods. Particularly, traditionally used numerical methods, such as thermodynamic statistical method and empirical force field method, have been known for their insufficient accuracy. Quantum method, on the other hand, is known to be of the highest accuracy. Unfortunately, the consumption of computational resources by the latter method is very high. Noteworthy, traditional quantum chemical method is mainly applicable only for individual molecules rather than for crystals, owing to the lack of a reliable approach to describe the periodic crystal structure and the in-crystal intermolecular weak interactions. Therefore, for a long time, most of the research was limited to the development of QSPR models, based on the constitutional, topological, geometric, or quantum chemical descriptions of free molecules ([@bib102], [@bib33], [@bib37]). With respect to the studies related to how crystal packing can affect the balance in the performance-stability relationship of HEDMs, albeit their great importance ([@bib54], [@bib111]), these studies have rarely been conducted.

In the past few decades, supercomputers underwent a tremendous development in their performance, as predicted by Gordon Moore. Cross-fusion and integration of high-throughput supercomputing and advanced quantum modeling has naturally become one of the most promising ways to address the performance-stability contradiction issue of the HEDMs. To tackle and overcome this problem, a new software was recently developed, which was found to be suitable for supercomputers-based applications. This software was specifically designed for handling issues related to the HEDMs, namely, High Accuracy atomistic Simulation package for Energetic Materials (HASEM) was developed, which in our perspective should be capable of addressing both the above-mentioned structural and energy issues ([@bib130]). Use of the HASEM software to perform high-throughput calculations on a large number of physicochemical parameters for a large number of samples allowed us to obtain sufficient and comprehensive data to extract valuable information and guidelines for achieving optimal balance between performance and crystal stability of HEDMs. This facilitated the realization of artificial intelligence-based robotic platforms, capable of safe automated synthesis and screening of the future HEDMs ([@bib30]).

In order to search for the plausible physicochemical parameters that make the HEDMs excelling in both their performance and stability, 67 types of HEDMs were collected, wherein 25 compounds exhibited better detonation performance than 2,4,6-trinitrotoluene (TNT, detonation velocity *V*~*d*~: 7.15 km s^−1^; detonation pressure *P*~*d*~: 22.35 GPa; heat of explosion *H*~*e*~: 1,290 kcal mol^−1^; and detonation temperature *T*~*d*~: 3017 K) and 25 compounds were found to be thermally stable at temperatures above 200°C. The crystal-stacking manner of the as-studied objects includes planar-layered (Family A), wavelike-layered (Family B), cross-stacking (Family C), and mixed stacking (Family D), as shown in [Figure 1](#fig1){ref-type="fig"}([@bib77]). Their correspondence to the common crystal terminologies of polycyclic aromatic hydrocarbons ([@bib26]) is given in [Table S1](#mmc1){ref-type="supplementary-material"}. [Figure S1](#mmc1){ref-type="supplementary-material"} shows that the molecules include one-dimensional (1D) linear (12 compounds), 2D coplanar (26 aromatic compounds), and 3D non-planar or caged structures (13 compounds). The inclusion of 16 types of novel cocrystal HEDMs (Family E) further enriches our list of compounds to be more complete and reprehensive.Figure 1Families of Crystal Packing Arrangement of Studied 67 HEDMsWhite spheres represent hydrogen atoms, red denotes oxygen, cyan represents nitrogen, and gray denotes carbon. Black dashed lines represent interspecies hydrogen bonds, and orange dashed lines are other interspecies interactions. The corresponding molecular diagram for each compound is shown in [Figure S1](#mmc1){ref-type="supplementary-material"}.

Based on our high-throughput quantum calculations, the detonation performance (including *V*~*d*~, *P*~*d*~, *H*~*e*~, and *T*~*d*~) was predicted and crystal stability of the 67 HEDMs was studied, which were confirmed to be of high-level reliability by comparison with reported data. Numerous physicochemical parameters, including nitrogen density (*ρ*~*N*~), oxygen balance (*OB*), functional group, molecular backbone, molecular weight (*MW*), crystal symmetry (including number of molecules per cell, space group, and crystal family), lattice lengths (*a*, *b*, and *c*), packing coefficient (*PC*), interlay distance (*d*~layerlayer~), interspecies non-bonding interactions (hydrogen bonding and others; both amount and strength), material density (ρ), lattice energy (*LE*), and detonation products (both gaseous and solid), were calculated and correlated with their performance and stability. Eventually, it was successfully revealed that the interspecies interaction was the root cause in provoking the performance-stability contradiction of HEDMs. Therefore, in order to synthesize novel HEDMs, having both high performance and high stability, systematic strategy including the selection of molecular backbones, crystal packing arrangements, and the plausible ranges of a series of critical parameters was found, which is expected to provide useful guidelines for the molecular design of such compounds.

Results {#sec2}
=======

Crystalline Structures: Theoretical Optimization and Experimental Validation {#sec2.1}
----------------------------------------------------------------------------

The crystalline characteristics of HEDMs mainly comprise the crystal family, number of molecules in each primitive cell, geometric symmetry, and geometry of the unit cell. [Figure S2](#mmc1){ref-type="supplementary-material"} exhibits that the crystals of the 67 HEDMs studied herein generally belong to monoclinic, orthorhombic, and triclinic families, with two, eight, or four molecules located in each primitive cell, respectively. Notably, most HEDMs have relatively low symmetry with the space group number (SGN) smaller than 62, with P2~1~/c (SGN = 14) being the most popular space group.

Furthermore, the geometries of the 67 HEDMs were optimized based on the conjugate gradient method ([@bib78]), with the lattice parameters and atomic coordinates from single-crystal X-ray crystallography data as input ([@bib31], [@bib25], [@bib3], [@bib22], [@bib11], [@bib80], [@bib120], [@bib71], [@bib19], [@bib134], [@bib135], [@bib86], [@bib20], [@bib2], [@bib110], [@bib90], [@bib43], [@bib6], [@bib28], [@bib112], [@bib36], [@bib7], [@bib133], [@bib69], [@bib1], [@bib93], [@bib99], [@bib34], [@bib45], [@bib84], [@bib83], [@bib82], [@bib23], [@bib24], [@bib29]; ; [@bib89], [@bib16], [@bib109], [@bib115], [@bib51], [@bib12], [@bib14], [@bib94], [@bib50], [@bib76], [@bib44], [@bib21], [@bib53], [@bib41], [@bib122], [@bib52], [@bib127], [@bib123], [@bib17], [@bib119], [@bib40]). The results indicated that, when the residual forces were less than 0.03 eV Å^−1^ and the stress components were less than 0.01 GPa, the calculated structures were considered as completely relaxed. [Figure 2](#fig2){ref-type="fig"} demonstrates that all geometric parameters of the completely optimized calculated structures, including lattice constants *a*, *b*, and *c*; lattice angles *α*, *β*, and *γ*; and unit cell volumes, show satisfactory agreement with the experimental parameters obtained by X-ray crystallography. The linear coefficient of correlation between the calculated and experimental values of the lattice constants is R^2^ = 0.9993, with the standard error σ = 0.17 Å. For the comparative analysis between the calculated and experimental unit cell volumes, the statistical parameters are R^2^ = 0.9995 and σ = 28.37 Å^3^. The small discrepancies between the calculated and the experimental values present the high reliability and robustness of the currently used method in describing the crystal structures of HEDMs in a comprehensive manner.Figure 2Calculated Crystal Structures of the 67 HEDMs Studied herein and their Experimental Validation(A) Lattice constants (*a*, *b*, and c); (B) lattice angles (*α*, *β*, and *γ*); and (C) unit cell volumes of the 67 HEDMs studied.

Strategy for Improving Detonation Performance of High-Energy-Density Materials {#sec2.2}
------------------------------------------------------------------------------

### Performance of Solid-State High-Energy-Density Materials: Theoretical Prediction and Experimental Validation {#sec2.2.1}

The detonation performance of HEDMs of concern generally includes detonation velocity *V*~*d*~, detonation pressure *P*~*d*~, heat of explosion *H*~*e*~, and detonation temperature *T*~*d*~. *V*~*d*~, which is defined as the stable velocity of the shock front, determines the power delivered by an HEDM and can be measured by Dautriche test method, high-speed photography, ion gap method, and similar methods ([@bib32]). *P*~*d*~ denotes the stable pressure developed behind the shock front. It determines the shock wave energy of products and is generally measured by flyer plate method, impedance window method, detonation electric effect, etc. ([@bib91]). *H*~*e*~ provides the count of the total amount of energy released by an HEDM in the reaction and can be measured by calorimetry ([@bib61]). *T*~*d*~ can be measured by single-color pyrometry, multicolor pyrometry, or time-integrated optical emission spectroscopy ([@bib38]).

The measurements of *H*~*e*~, *V*~*d*~, *P*~*d*~, and *T*~*d*~ required scaled-up synthesis of all studied HEDMs, which are usually not satisfied owing to the complex preparation or high synthesis cost reasons; therefore, many compounds do not have available experimental data for their detonation performance. In particular, the experimental data of *T*~*d*~ in the literature are scarce because of the difficulty of its measurement. [Table S2](#mmc1){ref-type="supplementary-material"} summarizes that, among the 67 HEDMs used in this study, we found experimental data of *H*~*e*~ for 38 of them, experimental *V*~*d*~ for 36 HEDMs, and experimental *P*~*d*~ for 24 HEDMs ([@bib35], [@bib81], [@bib56], [@bib57], [@bib58], [@bib59], [@bib95], [@bib116], [@bib117], [@bib4], [@bib13], [@bib96], [@bib55], [@bib116], [@bib117], [@bib8], [@bib60], [@bib49], [@bib42], [@bib114], [@bib92], [@bib111]). However, only the experimental data derived from HEDMs with dense packing (*ρ* \> 95% *ρ*~max~, wherein *ρ*~max~ is the maximum theoretical density as determined by X-ray crystallography, represented by solid scatters in [Figure 3](#fig3){ref-type="fig"} and [Table S2](#mmc1){ref-type="supplementary-material"}) could be used for comparative analysis and statistical analysis, because the measured results of *H*~*e*~, *V*~*d*~, and *P*~*d*~ largely depend on the density of packing of HEDMs. Consequently, experimental detonation parameters of more than half of the HEDMs are not available for comparison among different compounds, which strongly suggests an urgent request for the high-throughput quantum calculations for these HEDMs.Figure 3Theoretically Predicted Performance of Solid-State HEDMs and their Experimental Validation(A) Heat of explosion *H*~*e*~ of 38 HEDMs, (B) detonation velocity *V*~*d*~ of 36 HEDMs, and (C) detonation pressure *P*~*d*~ of 24 HEDMs studied herein. Solid scatters represent the dense packing HEDMs, whereas open circles are the HEDMs with the non-dense packing.

As a result, the detonation performance parameters were calculated, directly on a crystal structural level, for all the 67 HEDMs in this study and are summarized in [Table S2](#mmc1){ref-type="supplementary-material"}. The advantages of our theoretical calculations, over the traditional type of calculations, include the simultaneous consideration of the periodic crystal structure and the weak interactions among interspecies ([@bib131], [@bib132]). Therefore, the detonation performance parameters reported in this study are for the solid-state compounds instead of individual, gas phase molecules. [Figure 3](#fig3){ref-type="fig"} shows a satisfactory agreement between the theoretically predicted performance and the experimentally measured performance of the HEDMs with dense packing (solid scatters). The linear correlation coefficient between the calculated and experimental *H*~*e*~ of the HEDMs with dense packing is R^2^ = 0.9492, with the standard error σ = 81.24 kcal mol^−1^. The statistical data are R^2^ = 0.9869, σ = 0.17 km s^−1^ for *V*~*d*~, and R^2^ = 0.9858, σ = 1.22 GPa for *P*~*d*~. The small discrepancies between the calculated and the experimental values present the high-level reliability of the currently used method in describing the detonation performance of the solid-state HEDMs.

### Preferred Physicochemical Characteristics of High-Performing Energetic Crystals {#sec2.2.2}

Noteworthy, *ρ*~*N*~, *OB*, and *ρ* are the main determinates of detonation performance of HEDM. First, *ρ*~*N*,~ defined as the mass of nitrogen per unit volume of an HEDM, is the most critical factor. This is attributed to the fact that the energy that is released from HEDMs is mainly derived from the average bond energy difference between the N--N bond in the reactants and the N≡N bond in the products. Second, *OB* describes the content to which a certain HEDM could be oxidized and it also determines the distribution of the detonation products, thereby deciding the amount of energy release during detonation. It is generally accepted that *OB* = 0% is conducive for HEDMs to attain the best performance. From the invention of TNT (*OB* = −74.0%) in the 1880s, to the synthesis of octahydro-1,3,5,7-tetranitro-1,3,5,7-tetrazocine (HMX, *OB* = −21.6%) during the First World War, till the synthesis of hexanitrohexaazaisowurtzitane (CL-20, *OB* = −11.0%) in the modern era, the development of HEDMs has always been accompanied by an increase in *OB*. Third, *ρ* determines the performance of an HEDM on a solid-state level, with *V*~*d*~ increasing linearly with *ρ*, whereas *P*~*d*~ increases as a cubic function of *ρ*. [Table S3](#mmc1){ref-type="supplementary-material"} presents that most HEDMs have parameters in the following range: 0.2 \< *ρ*~*N*~ \< 1.0 g cm^−3^, −140% \< *OB* \< 20%, and 1.5 \< *ρ* \< 2.1 g cm^−3^.

#### Preferred Molecular Backbones of High-Performing Compounds {#sec2.2.2.1}

Homocycle is by far the most commonly used molecular backbones of HEDMs. Among the 23 single-ring HEDMs investigated in this study, 19 of them have homo-cyclic backbones, such as compounds **A3**--**A4**, **B8**--**B10**, **C7**--**C10**, and **D1**--**D11**. Owing to the high proportion of carbon in the homocyclic molecules, most of these compounds have relatively low nitrogen content *ρ*~*N*~ and low detonation performance, as shown in [Figures S3](#mmc1){ref-type="supplementary-material"}A--S3D. Among them, compounds **A3**--**A4**, **B10**, and **C10** are exceptions, because most hydrogen atoms of the benzene are replaced by nitrogen-containing functional groups, which diminishes such carbon-dominated effect and thereby improves their detonation performance.

Noteworthy, introduction of nitrogen or oxygen atoms to the homocyclic backbone is an effective strategy to increase *ρ*~*N*~ and *OB*, both of which help to improve the performance of HEDMs. This strategy may be realized by synthesizing heterocyclic (either planar or nonplanner) or cage-like backbones. Considering homo-cyclic **D2** (TNT) as the standard reference, crystals **C5**, **C6**, **C11--C19**, **D8** all have higher *ρ*~*N*~ and *OB*, as well as better detonation performance ([Figure S3](#mmc1){ref-type="supplementary-material"}; [Supplemental Information](#appsec2)). [Table 1](#tbl1){ref-type="table"} presents that the molecular backbone of **C5** is planar heterocyclic, and compared with crystals **D2**, it has an improved *ρ*~*N*~ (by 156.3%) and *OB* (by 66.8%) and the *V*~*d*~ and *P*~*d*~ are consequently improved by 6.2% and 20.2%, respectively. By using non-planar heterocyclic and cage-like backbones, such as crystals **C11**--**C19**, the improvement in detonation performance is more drastic. [Table 1](#tbl1){ref-type="table"} further summarizes that, compared with crystal **D2**, these compounds have their *V*~*d*~ and *P*~*d*~ improved by up to 29.8% and 82.6%, respectively.Table 1Effect of Different Molecular Backbones on the Performance of HEDMsMolecular BackbonesHEDMs*ρ~N~* (g cm^−3^)OB (%)*V~d~* (km s^−1^)*P~d~* (GPa)*H~d~*~(~kcal kg^−1^)*T~d~* (K)PlanarHomocycleTNT (**D2**)0.32−74.07.1522.351,290.13,016.9HeterocycleNTO (**C5**)0.82−24.67.5926.86790.22,130.7Non-planarHeterocycleβ-HMX (**C14**)0.72−21.68.8436.471,300.33,298.2Cage-likeε-CL-20 (**C18**)0.77−11.09.2841.611,399.53,953.7BridgedHNS (**D14**)0.33−67.57.3424.121,359.34,052.6Linearα-FOX-7 (**B2**)0.74−21.68.3232.80951.92,464.3

An alternate approach to improve *ρ*~*N*~ and *OB* of homocyclic compounds includes the introduction of "bridge bond" to connect the separate energetic rings into a whole. Compared with heterocyclic backbone, such bridged backbone leads to much weaker improvement of performance, approximately only half of the former, as shown in [Figure S3](#mmc1){ref-type="supplementary-material"}. For example, crystal **D14** is composed of two **D2** molecules that are connected by a --CH = CH-- bridge bond and it has slightly improved *ρ*~*N*~ (by 3.1%) and *OB* (by 8.8%), as well as slightly increased *V*~*d*~ (by 2.7%) and *P*~*d*~ (by 7.9%).

[Figure S3](#mmc1){ref-type="supplementary-material"} shows that, without the limitation of number of carbon atoms in the backbones, linear molecules have more flexible distribution on *ρ*~*N*~, ranging from 0.33 (**B7**) to 0.98 (**C1**). Their *OB* values are generally high, distributing from −39.3% (**B1**) to +16.5% (**A2**). Moreover, their performance can be better than the monocyclic **D2**, with their *V*~*d*~ varying from 7.26 (**C1**) to 8.91 km s^−1^ (**B7**) and *P*~*d*~ from 22.28 (**C1**) to 36.67 GPa (**B7**).

#### Preferred Functional Groups of High-Performing Compounds {#sec2.2.2.2}

Functional groups are critical in increasing *ρ*~*N*~ and *OB* of HEDMs, thereby improving their detonation performance. Herein, the most seen functional groups, including --NO~2~, --NH~2~, --CH~3~, --OH, and --N~3~, were focused upon, and their effect on the performance of HEDMs was analyzed, as presented in [Table 2](#tbl2){ref-type="table"}.Table 2Effect of Functional Groups including --NO~2~, --NH~2~, --CH~3~, --OH, and --N~3~ on the Performance of HEDMsFunctional GroupsHEDMs*ρ*~*N*~ (g cm^−3^)OB (%)*V*~*d*~ (km s^−1^)*P*~*d*~ (GPa)*H*~*d*~ (kcal kg^−1^)*T*~*d*~ (K)TypeNumber--NO~2~2DNB (**C8**)0.27−95.26.5418.201,218.22,712.63TNB (**D1**)0.33−56.37.3023.251,337.03,398.46HNB (**A3**)0.480.09.2841.281,654.95,418.3--N~3~0TNB (**D1**)0.36−56.37.3023.251,337.03,398.43TATNB (**B10**)0.92−28.68.3131.581,466.64,572.5--NH~2~0TNB (**D1**)0.33−56.37.3023.251,337.03,398.41TNA (**D3**)0.44−56.17.4625.101,160.12,904.02DATB (**D7**)0.54−55.97.5025.981,008.32,485.53TATB (**A4**)0.64−55.87.6828.17889.42,154.5--OH0TNB (**D1**)0.33−56.37.3023.251,337.03,398.41Picric acid (**D5**)0.33−45.47.5825.891,244.53,265.7--CH~3~0TNB (**D1**)0.33−56.37.3023.251,337.03,398.41TNT (**D2**)0.32−74.07.1522.351,290.13,016.92TNX (**B9**)0.29−89.66.8219.941,239.92,722.1

[Figures S3](#mmc1){ref-type="supplementary-material"}E--S3H exhibit that most HEDMs are negative in *OB*. Therefore, the inclusion of --NO~2~ would simultaneously increase *OB* and *ρ*~*N*~ of an HEDM. [Table 2](#tbl2){ref-type="table"} presents that **C8**, **D1,** and **A3** have the same molecular backbone of six-membered carbon ring; however, the number of --NO~2~ groups increase from 2--3 to 6. Accordingly, their *OB* values are improved from −95.2, −56.3% to 0%, and their *ρ*~*N*~ from 0.27, 0.33 to 0.48. Thus, their *V*~*d*~ increases by 41.9%, *P*~*d*~ increases by 126.8%, *H*~*d*~ increases by 35.8%, and *T*~*d*~ increases by 99.7%. In particular, **A3** has an optimal *OB* = 0%, making its detonation performance approaching the extreme of traditional CHNO HEDMs. Owing to the significant role of --NO~2~ in improving the performance of HEDMs, introduction of --NO~2~ has been the most used strategy for synthesizing high-performing compounds.

The functional group --N~3~ could lead to a significant increase in both *ρ*~*N*~ and *OB*, which would improve the detonation of HEDMs. For example, the inclusion of three --N~3~ on **D1** leads to the formation of **B10**, with improvement in *ρ*~*N*~ by 155.6% and improvement in *OB*, *V*~*d*~, and *P*~*d*~, *H*~*d*~, and *T*~*d*~ by 49.2%, 13.8%, 35.8%, 9.7%, and 34.5%, respectively. In general, --N~3~ has only half of the effect of --NO~2~ in improving the detonation performance of HEDMs, mainly due to the high bond order in --N~3~, and thereby less amount of energy can be released when generating nitrogen gas products.

The inclusion of --NH~2~ effectively improves *ρ*~*N*~, whereas it keeps *OB* almost unchanged. For example, **D1**, **D3**, **D7**, and **A4** contain different number of --NH~2~ functional groups; however, the difference of their *OB* is within 1%. When the number of --NH~2~ increases from 0 to 3, the *ρ*~*N*~ increases twice as much, *V*~*d*~ increases by 5.2%, and *P*~*d*~ increases by 21.2%. However, owing to the excessive amount of H~2~O in the products of compound **A4** compared with compound **D1**, an obvious decrease in their *H*~*d*~ (by 33.5%) and *T*~*d*~ (by 36.6%) is observed, and this is discussed in more detail in the section [Preferred Detonation Products of High-Performing Compounds](#sec2.2.2.3){ref-type="sec"}.

The inclusion of --OH, on the other hand, is conducive to the improvement of *OB* and leads to the increase in the population of H~2~O and CO~2~ among the detonation products (by reducing the population of carbon clusters). For example, compared with **D1**, compound **D5** shows an improved *OB* (by 19.4%), *V*~*d*~ (by 3.8%), and *P*~*d*~ (by 11.4%) attributed to the inclusion of an additional --OH group. The slight decrease in *H*~*d*~ (by 6.9%) and *T*~*d*~ (by 3.9%) is caused by the formation of extra H~2~O in the products, similar to the effect of --NH~2~.

In contrast, the inclusion of --CH~3~ leads to the simultaneous decrease in *OB* and *ρ*~*N*~ of the compound, thereby reducing its detonation performance. [Table 2](#tbl2){ref-type="table"} summarizes that **D1**, **D2,** and **B9** have the same molecular backbone constituting 1,3,5-trinitrobenzene, but the number of methyl groups --CH~3~ in their molecules increases from 0, 1 to 2. Accordingly, their *OB* values decrease from −56.3%, −74.0%, and 89.6% and their *ρ*~*N*~ values decrease from 0.33, 0.32, and 0.29. Thus, their *V*~*d*~ decreases by 6.6%, *P*~*d*~ decreases by 14.2%, *H*~*d*~ decreases by 7.3%, and *T*~*d*~ decreases by 19.9%. Notably, compared with --NO~2~, the effect of --CH~3~ is about one order of magnitude less strong.

#### Preferred Detonation Products of High-Performing Compounds {#sec2.2.2.3}

The energy released by an HEDM is determined by the energy difference between total energy of unreacted crystal and total energy of all detonation products. Therefore, the type and amount of various detonation products are decisive to the performance level of HEDMs. For each of the 67 HEDMs studied herein, the distribution of detonation products was determined based on the principle of minimization of their Gibbs free energy. [Figure S5](#mmc1){ref-type="supplementary-material"} exhibits that the main products are N~2~ (gaseous), H~2~O (gaseous), CO~2~ (gaseous), and C (solid) and their proportion among the total products was mainly determined based on the value of *OB*. Hydrogen is the easiest element to be oxidized (into H~2~O), and carbon is the second in number (into CO~2~). The residual of the hydrogen consumes nitrogen and changes into NH~3~, the residual carbon aggregates into solid clusters with a graphene structure, and the residual nitrogen atoms combine together and form N~2~.

[Figures 4](#fig4){ref-type="fig"} and [S6](#mmc1){ref-type="supplementary-material"} show an obvious correlation between the product distribution of the HEDMs and their detonation performance. Generation of large amount of N~2~ and CO~2~ gas is conducive to the improvement of *V*~*d*~, *P*~*d*~, *H*~*d*~, and *T*~*d*~ of the HEDMs, with the effect of N~2~ being stronger than CO~2~. In contrast, the high proportion of solid carbon clusters in the products, which happens when oxygen severely lacks, would lead to a drastic decrease in the performance of HEDMs. The population of H~2~O in the products is not obvious in regulating *V*~*d*~ and *P*~*d*~, as shown in [Figure 4](#fig4){ref-type="fig"}C. However, high proportion of H~2~O in the products leads to a decrease in *H*~*d*~ and *T*~*d*~, as shown in [Figures S6](#mmc1){ref-type="supplementary-material"}J and S6N. This is attributed to the significantly higher specific heat capacity of H~2~O compared with those of other detonation products.Figure 4Correlation between *V*~*d*~ and *P*~*d*~ of the 67 HEDMs with their Detonation Products(A) N~2~, (B) CO~2~, (C) H~2~O, and (D) solid carbon clusters.

The found correlation between the product distribution of the HEDMs and their detonation performance is well consistent with our findings described in the sections [Preferred Molecular Backbones of High-Performing Compounds](#sec2.2.2.1){ref-type="sec"} and [Preferred Functional Groups of High-Performing Compounds](#sec2.2.2.2){ref-type="sec"}, both indicating high *ρ*~*N*~ and optimal *OB* to be the target parameters in designing high-performing HEDMs. The former ensures the abundant generation of N~2~ gas, whereas the latter guarantees the least generation of solid carbon clusters in the detonation products. Moreover, the performance-products correlation also indicated that, in order to synthesize high-performing HEDMs, the proportion of hydrogen in the compound should be low to promise the complete oxidation of the carbon element.

#### Preferred Crystal Characteristics of High-Performing Compounds {#sec2.2.2.4}

In order to extract the plausible crystalline characteristics of high-performing HEDMs, the detonation performance evolution of the 67 HEDMs with respect to each corresponding *PC* and *ρ* was plotted in [Figures S4](#mmc1){ref-type="supplementary-material"}, [S7](#mmc1){ref-type="supplementary-material"}, and [S11](#mmc1){ref-type="supplementary-material"}. The performance of the HEDMs studied herein shows close correlation with their *PC* and *ρ*, with most of the high-performing compounds owning *PC* \> 70% and *ρ* \> 1.73 g cm^−3^.

From the perspective of manner of crystal stacking, Family A refers to planar-layered compounds, Family B is for wavelike-layered compounds, Family C incorporates cross-stacking, Family D consists of mixed stacking compounds, and Family E refers to cocrystals, as shown also in [Figure 1](#fig1){ref-type="fig"}. Family A has an obvious advantage of having high *PC* and high *ρ*, among all the HEDMs investigated in this study. In contrast, compounds belonging to Family B have relatively low values of *PC* and *ρ*. The *PC* and *ρ* of Family C compounds generally locate in between the two. Therefore, it is theoretically recommended to synthesize planar-layered and cross-stacking crystals, which would have higher probability of having high density, close packing, and high performance.

[Figure S2](#mmc1){ref-type="supplementary-material"} displays the distribution characteristics of high-performing HEDMs (better than TNT) with respect to their crystal symmetry. Clearly, no obvious preference of high-performing compounds in space group, crystal family, or number of molecules in each primitive cell is observed.

#### Strategy for Improving Detonation Performance of Energetic Crystals {#sec2.2.2.5}

To extract the plausible physicochemical characteristics of high-performing HEDMs, the detonation performance parameters, i.e., *V*~*d*~, *P*~*d*~, *H*~*e*~, and *T*~*d*~, were plotted as a function of *ρ*~*N*~, *OB*, and *ρ* for all the HEDMs studied, as presented in [Figures 5](#fig5){ref-type="fig"} and [S3](#mmc1){ref-type="supplementary-material"}.Figure 5Correlation between the Detonation Performance of the 67 HEDMs and their *ρ*~*N*~, *OB*, and *ρ*The detonation performance of TNT is taken as reference. Related scatterplots and histograms are provided in [Figures S3](#mmc1){ref-type="supplementary-material"} and [S4](#mmc1){ref-type="supplementary-material"} of the [Supplemental Information](#appsec2).

[Figure S3](#mmc1){ref-type="supplementary-material"} exhibits a strong dependence of *V*~*d*~ and *P*~*d*~ of the HEDMs on their *ρ*~*N*~, *OB*, and *ρ*. Notably, *V*~*d*~ and *P*~*d*~ almost linearly increase with *OB*. Histograms were plotted to present the average values of detonation performance at certain ranges of the three physicochemical parameters, as shown in [Figure 5](#fig5){ref-type="fig"}, with the *V*~*d*~, *P*~*d*~, and *T*~*d*~ of TNT set as the reference values ([@bib87], Note).

[Figure 5](#fig5){ref-type="fig"} demonstrates that, when the HEDMs satisfy the following conditions: *ρ*~*N*~ \> 0.3 g cm^−3^, −60% \< *OB* \< +20%, or *ρ* \> 1.73 g cm^−3^, their detonation performance becomes better than that of TNT with a very high probability (\>80%). Within the recommended scope, the higher the density *ρ*, *OB*, and *ρ*~*N*~, the higher the performance achieved by the HEDMs.

Strategy for Improving Crystal Stability of High-Energy-Density Materials {#sec2.3}
-------------------------------------------------------------------------

Crystal stability of HEDMs refers to the extent to which the crystal can resist melting and decomposition and is therefore an important indicator of heat-resistant explosives to be applicable for drilling deep oil/gas wells, space exploration, and other industrial applications. Crystal thermostability of HEDMs is usually experimentally characterized by thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) at a constant heating rate. In order to extract the preferred in-crystal parameters of thermostable energetic crystals, the literature reports related to the experiments determining thermostability (62 compounds\' data were reported among the 67 HEDMs studied) ([@bib108], [@bib75], [@bib87], [@bib9], [@bib103], [@bib121], [@bib64], [@bib65]; [@bib10], [@bib72], [@bib79], [@bib15], [@bib66], [@bib48], [@bib46], [@bib5], [@bib105], [@bib100], [@bib18], [@bib39], [@bib47], [@bib113], [@bib40], [@bib63], [@bib98], [@bib106], [@bib107], [@bib104], [@bib70], [@bib67], [@bib53], [@bib88], [@bib62], [@bib122], [@bib52], [@bib127], [@bib123], [@bib17], [@bib119], [@bib82]) were collected and these temperatures were correlated with the main crystal packing characteristics, as shown in [Figure S8](#mmc1){ref-type="supplementary-material"}.

### Theoretical Indicator of Crystal Stability: Lattice Energy {#sec2.3.1}

Theoretically, lattice energy (*LE*), defined as the total energy difference between the constituent ions in the free state and the crystal, comprehensively characterizes the crystal packing force and interspecies association strength, thereby quantifying the solid-state stability from an energetics perspective. [Figure 6](#fig6){ref-type="fig"}A shows an obvious positive correlation between the measured thermostability and the calculated *LE*. [Figure S9](#mmc1){ref-type="supplementary-material"} also exhibits a general positive correlation between the mechanical sensitivity and the calculated *LE* ([@bib131], [@bib132]). Therefore, it is reasonable to employ *LE* as a theoretical indicator of crystal stability, which reflects the thermal and mechanical sensitivity of HEDMs. [Figure 6](#fig6){ref-type="fig"}B demonstrates that most HEDMs have satisfactory thermostability, with their degenerating temperature higher than 200°C if their *LE* is higher than 25 kcal mol^−1^.Figure 6Correlation between the Calculated Lattice Energy and the Reported Experimental Degeneration Temperatures of 62 HEDMs(A) Scattered and (B) bar plots. Yellow region represents the optimal range of *LE* to make HEDMs stable.

### Preferred Molecular Characteristics of Highly Stable Energetic Crystals {#sec2.3.2}

Molecular characteristics including *ρ*~*N*~, *OB*, and *MW* were considered for further study, as presented in [Table S2](#mmc1){ref-type="supplementary-material"}. [Figure S8](#mmc1){ref-type="supplementary-material"} exhibits the plot of the correlation between these parameters and the crystal stability (both experimentally determined degeneration temperature and calculated *LE*) to obtain the optimal ranges of these parameters that make HEDMs thermally stable.

[Figures S8](#mmc1){ref-type="supplementary-material"}A--S8D show a strong correlation between the *ρ*~*N*~ and *OB* values of the HEDMs studied with respect to their crystal stability, whereas no obvious trend of stability is observed with respect to *MW*, as shown in [Figures S8](#mmc1){ref-type="supplementary-material"}M and S8N. For obtaining HEDMs with thermostability higher than 200°C, the plausible *ρ*~*N*~ and *OB* values are in the range of 0.6--1.0 g cm^−3^ and −80% to 0%, respectively. For example, the well-known thermostable compound **A4** (2,4,6-triamino-1,3,5-trinitobenzene (**TATB**)), with a decomposition temperature of 366.4°C, has an *OB* = −55.8%, which is in the recommended range of *OB*. Interestingly, all the bridge compounds (**B13**, **B14**, **D12**, and **D14**) and non-planar heterocyclic/caged compounds (from **C12** to **C20**) fall into this region, further confirming the advantage of these molecular backbones in enhancing crystal stability.

In particular, [Figure 6](#fig6){ref-type="fig"}A clearly indicates that all the bridged compounds (such as **B13**, **B14**, **D12,** and **D14**) and non-planar heterocyclic/caged compounds (from **C12** to **C20**) are highly stable. Therefore, bridge connected energetic rings and non-planar heterocycles/cages were referred to as stable compounds preferred molecular backbones. Noteworthy, the effectiveness of the bridge characteristics in improving thermostability of HEDMs has been confirmed by the successful synthesis of three heat-resistant compounds.

### Preferred Crystalline Characteristics of Highly Stable Energetic Crystals {#sec2.3.3}

Crystal stacking is the factor that is mainly responsible for making solid-state HEDMs different from separate, gaseous molecules and is thereby critical in deciding the crystal stability of practical compounds. [Table S2](#mmc1){ref-type="supplementary-material"} presents that, besides *LE*, calculated crystal characteristics also include *PC*, *ρ*, interspecies nonbonding interactions (hydrogen bonding and others; both amount and strength), manner of crystal stacking, the closest interlayer distance (*d*~interlayer~), as well as crystal symmetry (including number of molecules per cell, space group, and crystal family).

*PC* reflects the extent to which the volume of a crystal is occupied by hard spherical atoms. *PC*, along with *ρ*, exhibits a good correlation with crystal stability of the HEDMs studied herein. [Figures S8](#mmc1){ref-type="supplementary-material"}E--S8H reveal that most of the heat resistant compounds locate within relatively narrow ranges of *PC* \> 73% and *ρ* \> 1.73 g cm^−3^.

[Figure 7](#fig7){ref-type="fig"} shows the schematic illustration of crystal stacking, grouping the studied 67 HEDMs into Family A to Family E. As discussed in the section [Preferred Crystal Characteristics of High-Performing Compounds](#sec2.2.2.4){ref-type="sec"}, Family A and Family C, namely, the planar-layered and cross-stacking compounds, respectively, have an obvious advantage in leading HEDMs to be of high *PC* and high *ρ*. We thereby recommend the synthesis of energetic crystals using these two packing manners, because of their higher probability to be of high stability.Figure 7Crystal-Stacking Manner as well as its Influence on Crystal Stability(A--D) Schematic illustrations of crystal-stacking manner and interlayer distance measurement for Family A--D compounds, (E) Closest interlayer distances of the 51 pristine crystals studied and their classification based on types of interlayer interaction. Red represents the interlayer HB interaction; blue represents the interlayer π-stacking interaction; green indicates that neither HB nor π stacking is present. (F) Interspecies interaction type, distribution, and lattice energy (*LE*) of all 67 HEDMs studied herein.

Furthermore, hydrogen bonding (HB) is an important factor that governs the reactivity of HEDM to external *stimuli*. [Figures S8](#mmc1){ref-type="supplementary-material"}I--S8L show an obvious correlation between the HB and the crystal stability of the 67 HEDMs studied herein ([@bib87], Note). Noteworthy, most heat-resistant compounds have relatively high HB amount with the HB occupied area on the Hirshfeld surface of more than 90 Å. In order to figure out the advantageous characteristics of thermostable HEDMs, cluster analysis on the plot of the correlation between *LE* and HB amount was made as indicated in [Figure S10](#mmc1){ref-type="supplementary-material"}. The results reveal that all the bridged compounds and the non-planar heterocyclic/caged compounds show higher *LE* than the aromatic compounds that have the identical HB amount, indicating the advantage of these molecular backbones to make HEDMs thermally stable.

In addition to large HB amount, high HB strength is also critical for making HEDMs thermally stable. For example, the HB in **B1** (nitromethane, **NM**) and **C3** (nitroglycerin, **NG**) is very weak, both values smaller than 5 kcal mol^−1^, making these compounds to be liquid under ambient conditions. [Figures S8](#mmc1){ref-type="supplementary-material"}K and S8L indicate that HEDMs with good crystal stability generally have their HB to be at least higher than 2.5 kcal mol^−1^. Again, noteworthy, all the bridged compounds and non-planar heterocyclic/caged compounds fall into the recommended region, further confirming the advantage of these molecular backbones in enhancing crystal stability.

For each pristine crystal, the *d*~interlayer~ was measured in a way shown in [Figures 7](#fig7){ref-type="fig"}A--7D. [Figure 7](#fig7){ref-type="fig"}E summarizes the *d*~interlayer~ values, exhibiting a strong dependence on the types of interlayer interactions. The presence of HB interactions between layers leads the HEDMs to have a generally small *d*~interlayer~ with an average value of 2.00 Å. In contrast, the presence of π-stacking interaction leads to a relatively large distance with the average *d*~interlayer~ = 2.95 Å. Moreover, the compounds with neither HB nor π stacking present between the layers have their interlayer distance lying between the two, with an average *d*~interlayer~ = 2.73 Å. This crystal packing rule is well consistent with the interspecies interactions mechanism that was revealed in our previous study ([@bib131], [@bib132]): HB is essentially a proton--lone pair attractive force and tends to decrease interlayer distance, whereas π-stacking interaction is lone pair--π exclusive and results in an increase in the interlayer distance. [Figure 7](#fig7){ref-type="fig"}F further confirms this mechanism and shows that HB interaction population plays a decisive role in regulating the *LE* of the HEDMs. For example, [Figure S1](#mmc1){ref-type="supplementary-material"} shows that **A3 (**hexanitrobenzene, **HNB)** and **B10 (**triazidotrinitrobenzene, **TATNB)** are very alike in structure with **A4 (**triaminotrinitrobenzene, **TATB)**. However, the former two are hydrogen free and thereby have only about half the *LE* of the latter. Similarly, **D13 (**benzotrifuroxan, **BTF)** is HB free and has the most percentage of intermolecular π-stacking interactions among Family D, leading to one of the lowest *LE* among all the compounds. Therefore, in order to synthesize stable HEDMs, abundant interlayer HB is necessary attributed to its positive effect on improving *PC*, *ρ*, and *LE* of the energetic crystals.

[Figure S2](#mmc1){ref-type="supplementary-material"} clearly indicates that no obvious preference of highly stable energetic crystals in crystal symmetry is observed.

### Strategy for Improving Crystal Stability of Energetic Crystals {#sec2.3.4}

To extract plausible physicochemical characteristics of highly stable HEDMs, the average values of *LE* were plotted with respect to *ρ*~*N*~, *OB*, *PC*, *ρ*, HB amount, and HB strength for all the 67 HEDMs studied, as shown in [Figure 8](#fig8){ref-type="fig"}, with the *LE* = 25 kcal mol^−1^ being set as the reference.Figure 8Stable HEDMs with Preferred Ranges of Physicochemical Characteristics(A) *ρ*~*N*~, (B) *OB*, (C) *PC*, (D) *ρ*, (E) HB amount, and (F) HB strength.

When the HEDMs satisfy the following conditions: *LE* \> 25 kcal mol^−1^, *ρ*~*N*~ *\>* 0.6 g cm^−3^, −80% *\< OB* \< 0%, *PC* \> 73%, *ρ* \> 1.73 g cm^−3^, HB area \>90 Å^2^, and interspecies HB strength \>2.5 kcal mol^−1^, their thermostability becomes higher than 25 kcal mol^−1^ (corresponding to a temperature of 200°C) at a very high probability. Moreover, the higher the density *ρ*, *PC*, and HB amount, the higher the crystal stability of the HEDMs. Noteworthy, the slight difference in the ranges derived herein and our recent study is ascribed to the use of totally different sets of sample compounds ([@bib68]). In the future, the range of the critical physicochemical parameters will become more converged, utilizing larger samples and machine learning methodologies.

Guidelines for Synthesizing Advanced High-Energy-Density Materials with Simultaneous High Performance and High Stability {#sec2.4}
------------------------------------------------------------------------------------------------------------------------

### Mutual Contradiction Factors between High Performance and High Stability of High-Energy-Density Materials {#sec2.4.1}

The sections [Strategy for Improving Detonation Performance of High-Energy-Density Materials](#sec2.2){ref-type="sec"} and [Strategy for Improving Crystal Stability of High-Energy-Density Materials](#sec2.3){ref-type="sec"} reveal how diverse physicochemical factors regulate the detonation performance and crystal stability of HEDMs. By plotting the probability of the HEDMs to be of high performance (better than TNT) and to be of high stability (higher than 200°C) in [Figures 9](#fig9){ref-type="fig"} and [S11](#mmc1){ref-type="supplementary-material"}, the factors that cause performance-stability contradiction of HEDMs were successfully obtained.Figure 9Performance-Stability Contradiction and Theoretically Recommended Strategy(A-F) (A) Performance-Stability Contradiction and Theoretically Recommended Strategy from the Perspectives of (B) Nitrogen Density, (C) Oxygen Balance, (D) Packing Coefficient, (E) Material density, and (F) Molecular Skeleton.

[Figure 9](#fig9){ref-type="fig"}A exhibits an obvious violation in HB amount leading to high performance and high stability of HEDMs. With the increase in the HB amount of HEDM, the probabilities to be of high performance and to be of high stability go in the opposite direction. For example, when HB proportion among the interspecies interactions increases from 0% to 50%, the probability of HEDMs to acquire high stability dramatically increases from 0% to \>50%; nonetheless, the probability of HEDMs to attain high performance capability decreases by ∼40%. Such contradiction factor corresponds to the distribution characteristics of interspecies interaction, which belongs to a crystal packing characteristic. The opposite requirement of performance and stability to interspecies interaction distribution makes most of known HEDMs either high performing or highly stable; however, simultaneously meeting both the criteria is not commonly observed.

In contrast, for other crystal packing characteristics, such as *PC* and *ρ*, no performance-stability contradiction is found. Moreover, high performance and high crystal stability of HEDMs can be simultaneously satisfied at overlapping ranges, as shown in [Figures 9](#fig9){ref-type="fig"}D, 9E, [S11](#mmc1){ref-type="supplementary-material"}D, and S11E. Consequently, in order to design novel HEDMs with good detonation performance (better than TNT) combined with satisfactory crystal stability (above 200°C), the recommended range is *PC* \> 73% and *ρ* \> 1.81 g cm^−3^ (the higher the better).

Also, for molecular characteristics, no contradiction was found between high performance and high crystal stability at the preferred distributions of the *ρ*~*N*~ and *OB* values; however, highly stable HEDMs generally require much narrower regions. In order to design advanced HEDMs with good detonation performance (better than TNT) combined with satisfactory crystal stability (above 200°C), *ρ*~*N*~ \> 1.0 g cm^−3^ and −40% \< *OB* \< 0 should be satisfied.

Strategy for Overcoming the Performance-Stability Contradiction of High-Energy-Density Materials {#sec2.5}
------------------------------------------------------------------------------------------------

Noteworthy, in order to overcome the performance-stability contradiction and synthesize advanced HEDMs with the highest probability, the following guidelines should be strictly followed: (1) molecular structure: bridged or non-planar heterocyclic/caged backbones, (2) crystal structure: planar-layered and cross-stacking manner, and (3) critical physicochemical parameters: nitrogen density \>0.6 g cm^−3^, −40% \< oxygen balance \<0%, packing coefficient \>73%, and material density \>1.73 g cm^−3^.

The underlying of the selection of bridged molecular structures is as follows: bridged HEDMs maintain their *ρ*~*N*~ and *OB* to be almost unchanged, with improved values of *PC* and *ρ* compared with the corresponding single rings structures, which promise the detonation performance level being slightly influenced. At the same time, the HB amount of the bridged compound gets altered due to the significant increase in the molecular size. For example, **D14** is formed by connecting two **D1** molecules with a −CH = CH-- bridge and the enlargement of the molecular size leads to the increase in the HB area on the Hirshfeld surface of each individual molecule by three times. From **D1** to **D14**, the HB area increases from 58.3 to 154.9 Å^2^ and the crystal stability is also improved three times. However, the detonation performance is only slightly weakened by 3% because of the improvement in *PC* and *ρ*, and **D14** is still in the range of high-performing HEDMs. Similarly, an --NH-- bridge connects two **D1** molecules into a **D12** molecule, which increases the HB area to double the value (from 58.3 to 112.5 Å^2^) and also the crystal stability, but brings little influence to detonation performance.

The reason for selecting non-planar heterocyclic/caged molecular structures is that these compounds generally exhibit higher LE values compared with the single homocyclic ones, as shown in [Figure S10](#mmc1){ref-type="supplementary-material"}, providing them outstanding crystal stability. At the same time, the introduction of nitrogen or oxygen atoms of the heterocyclic molecules leads to the substantial increase in the *ρ*~*N*~ and *OB* of HEDMs, as discussed in the section [Preferred Molecular Backbones of High-Performing Compounds](#sec2.2.2.1){ref-type="sec"}. Thus, the performance of these non-planar heterocyclic/caged HEDMs could be doubly improved compared with the traditional homocyclic compounds.

Finally, co-crystalizing technology, which mixes different compounds at a molecular level, could also increase the probability of HEDMs to be of high performance (by 11%) and to be of high stability (by 3%), as presented in [Figure 9](#fig9){ref-type="fig"}F. Nonetheless, the probability of meeting both high performance and high stability using this strategy is currently not so sound as introducing bridged molecular backbones or non-planar heterocyclic/caged backbones. This is mainly ascribed to the fact that the *PC* and *ρ* of the cocrystals generally distribute at relatively low regions, which are out of the optimal ranges as presented in [Table 3](#tbl3){ref-type="table"}. In order to synthesize more cocrystals with both high performance and high crystal stability, a critical issue that chemists should address is the structural compatibility of the pre-mixed molecules, so as to enhance the interspecies HB strength of the cocrystals and push their *PC* and *ρ* to the corresponding optimal ranges.Table 3Synthesis Guidelines for Advanced High-Energy-Density Materials with Both High Performance and StabilityCharacteristicsOptimal RangesNitrogen density *ρ*~*N*~\>0.6 g cm^−3^Oxygen balance *OB*−40%--0%Packing coefficient *PC*\>73%Material density *ρ*\>1.73 g cm^−3^Molecular backboneBridged backbonesNon-planar heterocyclic or cage-like backbonesCrystal packing mannerPlanar-layered or crossed packing

Discussion {#sec3}
==========

High-throughput quantum calculations were performed for 67 typical HEDMs directly on a crystal structural level. For each compound, detonation performance, crystal stability, and dozens of physicochemical properties were calculated and thoroughly verified by comparison with the reported data. The mechanism of how diverse physicochemical parameters of HEDMs control their detonation performance and crystal stability was proposed. The factor that provokes the performance-stability contradiction was discovered to be a crystal packing characteristic, namely, interspecies interactions. With respect to other physicochemical factors, high performance and high stability of HEDMs could be of mutual promotion at certain overlapping ranges with the latter requiring a narrower scope.

The guidelines for synthesizing both high-performing (better than TNT) and stable (\>200°C) HEDMs were proposed to be as follows: (1) *molecular structure*: bridged or non-planar heterocyclic/caged structure, (2) *crystal structure*: planar-layered and cross-stacking manner, and (3) *critical parameters*: nitrogen density \>0.6 g cm^−3^, −40% \< oxygen balance \<0%, packing coefficient \>73%, and material density \>1.73 g cm^−3^. To the best of our knowledge, this study presents the most comprehensive and systematic strategy for the design of advanced HEDMs, which is expected to provide powerful guidance for molecular and crystal design of these materials.

Limitations of the Study {#sec3.1}
------------------------

Crystal stability of HEDMs refers to the extent to which the crystal can resist melting and decomposition under external *stimulus*. The *stimuli* could be of heat, mechanics, optics, electrostatics, radio-frequency, and others. In this study, we limit the crystal stability to be thermostability and mechanical stability.

In this study, we limit the high-performing HEDMs to be better than TNT and thermostable HEDMs to be above 200°C. However, the requirement for the explosive performance and crystal stability could be different in different application environments, so the recommended ranges of the key parameters may slightly shift accordingly. In addition, the rational ranges were obtained by statistical analysis of large amounts of physico-chemical data, so considering larger number of compounds would lead to more precise ranges.

Methods {#sec4}
=======

All methods can be found in the accompanying [Transparent Methods supplemental file](#mmc1){ref-type="supplementary-material"}.

Data and Code Availability {#appsec1}
==========================

All the crystal geometries, in-crystal interspecies interactions, crystal energetics, and solid-state detonation performance of the 67 HEDMs were calculated based on the recently developed supercomputing software, namely, High Accuracy atomistic Simulation package for Energetic Materials (HASEM) ([@bib27], [@bib130]), which is adapted to modern supercomputers on the basis of the J parallel Adaptive Structured Mesh applications INfrastructure (JASMIN) ([@bib85]).

The source data that support the plots in this article and the other findings of this study are available from the corresponding authors upon reasonable request.
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